For non-null him-17 alleles, the frequency of dead elicit a weak him-17 phenotype (at most one achiasmate chromosome pair), the unattached chromosomes were embryos is positively correlated with the number of achiasmate chromosomes ( Figure 2A , Table 1, and Table  invariably the X chromosomes (10/10) ( Figure 2A ). Furthermore, among him-17(me9) oocytes with 7 DAPI-2). Whereas alleles vary dramatically in their effects on autosomal segregation (reflected in the percent dead stained bodies, 12/12 contained achiasmate X chromosomes. embryos), all alleles confer a severe defect in X chromosome segregation (reflected in high male frequencies) indicating that the X chromosome is more sensitive than Normal Pairing and Synapsis in him-17(ok424) Mutants the autosomes to reduction of him-17 function. Preferential sensitivity of the X chromosomes was also demonFailure to form crossovers could reflect a defect in the recombination process itself, or could result from a destrated by fluorescence in situ hybridization (FISH) analysis of diakinesis nuclei. Under RNAi conditions that fect in homologous chromosome pairing or synapsis. The wildtype nucleus contains six bivalents (homolog pairs connected by chiasmata). In the nucleus from a worm in which HIM-17 was partially depleted by RNAi, 7 DAPI-stained bodies (5 bivalents and 2 univalents) indicate that only one pair of homologs (the X chromosomes) lacks a chiasma. In the him-17(me24) mutant oocyte, 10 DAPI-stained bodies indicate that only two pairs of homologs had successfully formed chiasmata. In the him-17(ok424) mutant oocyte, 12 univalent chromosomes indicate an absence of chiasmata between all homolog pairs. Scale bar equals 2 m. (B) Homolog pairing and synapsis assayed by FISH, ␣-HIM-3, and ␣-SYP-1 immunostaining in pachytene nuclei from wild-type and him-17(ok424) mutants; in all images, DAPI-stained chromosomes are shown in blue. In the left images, a FISH probe targeting the 5S rDNA locus on chromosome V is shown in red; images are projections of 3D data stacks encompassing entire nuclei. Either a single hybridization signal or a closely spaced doublet is visible in each nucleus for both genotypes, indicating intimate association of homologous chromosomes. In the central and right images, ␣-HIM-3 and ␣-SYP-1 are shown in red; images are projections halfway through 3D data stacks of whole nuclei. In both wild-type and him-17 nuclei, ␣-HIM-3 and ␣-SYP-1 localize in continuous stretches at the interface between aligned chromosome pairs. Scale bar equals 2 m.
We evaluated the status of pairing and synapsis using pachytene nuclei in him-17(ok424) mutant germlines ( Figure 2B , data not shown). Finally, we assessed forma-DAPI staining, FISH, and immunofluorescence of wholemount gonads, in which nuclei entering and progressing tion of the synaptonemal complex (SC), the proteinaceous structure that assembles between paired homothrough various stages of meiotic prophase are present simultaneously and arranged in a temporal/spatial gradilogs. Both HIM-3, a meiosis-specific chromosome-axis protein (Zetka et al., 1999) , and SYP-1, a component of ent. In all him-17 mutants, DAPI-stained germlines appear normal prior to the diakinesis stage; we examined the central region of the mature SC (MacQueen et al. . Since the him-17(ok424) mutant behaves identically to a spo-11 null mutant in the above assays, defect in repair of DSBs. Following rad-51 RNAi in him-17(ok424) worms, we observed intact-appearing, conwe investigated whether ␥-irradiation might similarly bypass the chiasma formation defect in him-17 mutants. densed univalents similar to those seen in control him-17(ok424) worms.
We exposed him-17(ok424) worms to 5000 rads of (Table 2) . Moreover, radiation-induced chiasmata appear to be funcWe also monitored the kinetics of appearance and disappearance of RAD-51 foci in the germlines of himtional, as we observed an increase in progeny viability likely reflecting improved chromosome segregation 17(me9) and him-17(e2707) mutants, which are partially defective for HIM-17 function and appear superficially (data not shown). To date, him-17 and spo-11 are the only C. elegans mutants reported for which chiasma quite successful at autosomal recombination based on incidence of chiasmata at diakinesis (Table 2) . These formation can be rescued by radiation-induced DSBs. Beyond reinforcing the conclusion that him-17 mutants mutants exhibit a delay in both the appearance and disappearance of RAD-51 foci (Figure 3 ). In the wildare defective in making SPO-11-induced DSBs, these results indicate that the machinery required to convert type time course, RAD-51 foci first became abundant in early pachytene (zone 4), where 39% of nuclei contained DSBs into chiasmata is present and functional in him-17 mutants. The DSB formation defect in him-17 mutants foci; foci reached peak levels in zone 5 (early/mid pachytene), and were largely absent by late pachytene (zone does not appear to be due to absence of SPO-11, as In premeiotic and early prophase nuclei up to and including the pachytene stage, HIM-17::GFP is concentrated on DAPI-stained chromatin ( Figure 5 ). As nuclei exit pachytene and progress through diplotene into the diakinesis stage, HIM-17::GFP remains concentrated in the nucleus but is no longer restricted to chromatin. After fertilization, HIM-17::GFP is detected at low levels in early embryos until about the 16-cell stage.
Altered Accumulation of H3MeK9 Chromatin Modification in him-17 Mutant Germlines
The localization of HIM-17::GFP to chromatin led us to investigate whether HIM-17 plays a role in chromatin modification. We used antibodies that detect different covalent modifications of histone H3 and H4 tails (Jenuwein and Allis, 2001) to stain germline chromosomes in him-17 mutant hermaphrodites and males. We first assessed staining with antibodies against modifications correlated with transcriptionally active chromatin (e.g., histone H4 acetylation at lysine 5, 8, 12, or 16; see Experimental Procedures for list), none of which showed any obvious difference between wild-type and him-17(ok424) mutant germlines (data not shown).
We then stained germlines with ␣-histone H3 dimethyl-lysine 9 (H3MeK9), which recognizes a modification correlated with heterochromatin and other transcriptionally inactive DNA (Lachner and Jenuwein, 2002). In wild-type hermaphrodites, a single focus of ␣-H3MeK9 staining is observed beginning in early/mid dicative of a severe reduction and/or delay in accumulation of this modification: in him-17(ok424) hermaphrodites, we did not detect nuclei with a single focus of 7, Ͻ10% of nuclei had foci). In contrast, foci were very ␣-H3MeK9 staining until mid-to-late pachytene, and infrequent in zone 4 of both him-17(me9) and himstaining was not seen on multiple chromosomal regions 17(e2707) germlines, with only 14% and 7% of nuclei in the mutant germlines until late pachytene/diplotene containing foci, respectively; foci first became abundant ( Figure 6A ). in zone 5 and did not reach peak levels until zone 6. In him-17(ok424) male germlines also display a marked addition, foci were present at elevated levels in late reduction in ␣-H3MeK9 staining. In wild-type XO male pachytene (zone 7) in him-17(me9) and him-17(e2707) germlines, the partnerless X chromosome is a highly mutants, with over half the nuclei containing foci. 
, 2003). Thus, we investigated the involvement of LIN-35/Rb in meiotic recombination
We have provided multiple lines of evidence demonstrating that HIM-17, a protein that localizes broadly on by testing whether loss of lin-35 function could enhance the meiotic recombination defects caused by a non-null germline chromatin, is required for meiotic cells to acquire competence for formation of the SPO-11-depenhim-17 allele.
lin-35(n745); him-17(me9) double-mutant hermaphrodent DSBs that initiate meiotic recombination. Furthermore, we have shown that ␥-irradiation can bypass the dites exhibited both an increase in the frequency of achiasmate chromosomes (Table 2) -17, lin-15A, lin-15B, and lin-36) have been Rb itself can modulate DSB levels, our data are best explained by proposing that a certain degree of chromaevidence from multiple experimental systems indicates that generation of DSBs does not occur continuously tin compaction is a prerequisite for meiotic DSB formathroughout meiotic prophase, as DSB-dependent retion by SPO-11. The direction of chromatin modulation combination intermediates peak in abundance and then suggested by our results to promote DSB formation (i.e., diminish as recombination proceeds to regenerate intoward a more closed chromatin state) was unexpected tact chromosomes (Bishop, 1994 in him-17 mutants with similar efficiency and in the same Keeney (2001) suggested that this transition might be time frame as seen for the spo-11 mutant, implying that accomplished by stress along the chromosome provid-HIM-17 is not required for steps subsequent to DSB ing a mechanical force driving disruption of Spo11 diformation. Instead we favor the conclusion that reducing mers. We suggest that compaction in part of a chromatin HIM-17 function delays the onset of DSB formation by loop could promote DSB formation by elevating stress slowing down progression of a process that leads to in another region of the loop to a level sufficient to trigger acquisition of DSB competence. The phenotype of the such a transition, perhaps by imposing constraints that him-17 non-null mutants further suggests that late aclimit chromosome expansion. Either of these ideas fits quisition of competence for DSB formation may be danwith our observation that the HIM-17::GFP and DAPI gerous, as we found elevated apoptosis levels in these profiles of meiotic chromosomes, although largely coinmutant germlines (data not shown). cident, are not identical, suggesting that HIM-17 might
The second relevant observation is a temporal correact only upon a subset of meiotic chromatin.
lation. RAD-51 foci peak in abundance in early-mid While we clearly favor the idea that HIM-17 promotes pachytene during wild-type C. elegans meiosis and de-DSB formation through effects on chromosome struccline thereafter, implying that new DSBs are no longer ture, we note that we cannot formally exclude the possiformed during the latter half of pachytene. Moreover, bility that loss of DSBs in him-17 mutants might be the decline and disappearance of RAD-51 foci coincides caused by lack of expression of an unidentified DSBtemporally with the gradual increase in abundance of promoting gene. However, as we have evidence that all cytologically detectable H3MeK9 on meiotic prophase known meiotic machinery genes are expressed in himchromosomes, which reaches maximal levels at the end 17 mutants, we consider this explanation unlikely. data, the observation that the X chromosome is more
LG V: him-17(e2806, e2707, me9, me24, ok424), yDf12, arDf1 sensitive than the autosomes to partial loss of HIM-17
LG X: dpy-3(e27), unc-3(e151) function. It is well established that a variety of parameme9 and me24 were generated by EMS as in ters distinguish the X chromosome from the autosomes is exquisitely proficient for repairing DSBs in a manner zone 3, n ϭ 137 Ϯ 16; zone 4, n ϭ 121 Ϯ 17; zone 5, n ϭ 113 Ϯ 16; zone 6, n ϭ 100 Ϯ 10; and zone 7, n ϭ 75 Ϯ 13. that can promote successful segregation of homologous chromosomes.
